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We theoretically study a scheme to develop an atomic based MW interferometry using the Rydberg
states in Rb. Unlike the traditional MW interferometry, this scheme is not based upon the electrical
circuits, hence the sensitivity of the phase and the amplitude/strength of the MW field is not
limited by the Nyquist thermal noise. Further this system has great advantage due to its very
high bandwidth, ranging from radio frequency (RF), micro wave (MW) to terahertz regime. In
addition, this is orders of magnitude more sensitive to field strength as compared to the prior
demonstrations on the MW electrometry using the Rydberg atomic states. However previously
studied atomic systems are only sensitive to the field strength but not to the phase and hence this
scheme provides a great opportunity to characterize the MW completely including the propagation
direction and the wavefront. This study opens up a new dimension in the Radar technology such
as in synthetic aperture radar interferometry. The MW interferometry is based upon a six-level
loopy ladder system involving the Rydberg states in which two sub-systems interfere constructively
or destructively depending upon the phase between the MW electric fields closing the loop.
PACS numbers:
Atomic based standards such as time and length is
already adopted and established due to their high repro-
ducibility, accuracy, resolution and stability [1]. Atoms
have also been successfully used for DC and AC (MW
and RF) magnetometry, reaching impressive sensitivity
and spatial resolutions [2–5]. Inspired by these successes
recently, the atom based MW and RF electrometry has
been investigated using the Rydberg states of the atoms
[6–11]. The success of these experiments for high sensi-
tive electrometry is due to property of the Rydberg states
i.e. availability of closely spaced levels (in the range of
MW and RF region) with very high electric polarizabil-
ity. The electrometry is based upon the phenomenon of
electromagnetically induced transparency (EIT) in which
the absorption property of a probe laser is altered in the
presence of control lasers and MW (or RF) field in a four
level system. EIT is sensitive to the field’s strength, fre-
quency and the polarization and so the electrometry.
An oscillating electro-magnetic field i.e. MW elec-
tric field is characterized by it’s strength/amplitude, fre-
quency, polarization and the phase. Phase of the MW
fields is detected using traditional MW interferometry
which is based upon the electrical circuit, whose per-
formance is greatly limited by its bandwidth and the
Nyquist thermal noise [12–14]. Further the previously
studied atomic based MW electrometry is not phase sen-
sitive as EIT in a simple multilevel system, happens to
be insensitive to the absolute phase of probe and the
control fields but it’s robustness depends upon the phase
stability [15].
Here, we explore a six-level loopy ladder system in
which the absorption property of the probe laser has
phase dependency on the MW fields forming a closed
loop. This proposed system is also an order of magni-
tude more sensitive to field strength in comparison to
the previously explored system. This is based upon the
interference between two sub-systems driven by the MW
fields forming the loop.
The considered six-level system is shown in Fig. 1a. In
this system the electric field, associated with the transi-
tion |i〉 → |j〉 is Eije
i(ωijt+φij), where Eij is amplitude,
ωij is the frequency and φij is the phase. We define Rabi
frequency Ωij = dijEije
iφij/~ for the transition |i〉 →
|j〉 having the dipole moment matrix element dij . The
Rabi frequencies of the probe and the control lasers are
Ω12 and Ω23 respectively, whereas Ω34, Ω45, Ω56 and Ω36
are the Rabi frequencies of the control MW fields. It is
important to note here that the phase of Ω36 is to be
characterized w.r.t to the reference MW fields Ω34, Ω45
and Ω56.
The typical experimental setup for phase dependent
MW electrometry is shown in Fig.1(c) in which a probe
laser at 780 nm and a control laser at 480 nm are counter-
propagating inside the Rb cell. The four MW control
fields are generated by a single frequency synthesizer hav-
ing arrangements of controlling the frequency, phase and
the amplitude. The output of the frequency synthesizer
is amplified and fed to MW horn. All four MW fields are
propagating perpendicular to the probe and the control
lasers with a uniform phase inside the Rb cell.
The total Hamiltonian for this system is given as
H =
[ 5∑
i=1
~Ωi,i+1
2
(
eiωi,i+1t + e−iωi,i+1t
)
|i〉〈i + 1|
+
~Ω36
2
(
eiω36t + e−iω36t
)
|3〉〈6|+ h.c.
]
+
6∑
j=1
~ωj |j〉〈j|
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Figure 1: (Color online). (a) The energy level diagram for
loopy ladder system. (b) Transitions shown by the red and
green arrow lines are the two sub-system to close the loop.
The probe laser (dotted black arrow line) and the control
laser (solid black arrow line) are part of both the sub-system.
(c) The typical experimental set up for the phase dependent
MW or RF electrometry.
the above Hamiltonian will be
H = ~[0|1〉〈1| − δ12|2〉〈2| − (δ12 + δ23)|3〉〈3|
− (δ12 + δ23 − δ34)|4〉〈4| − (δ12 + δ23 − δ34 + δ45)|5〉〈5|
− (δ12 + δ23 − δ34 + δ45 + δ56)|6〉〈6|+
Ω12
2
|1〉〈2|
+
Ω23
2
|2〉〈3|+
Ω34
2
|3〉〈4|+
Ω45
2
|4〉〈5|+
Ω56
2
|5〉〈6|
+
Ω36
2
ei(δ34−δ45−δ56+δ36)t|3〉〈6|+ h.c.
]
where, ~ωj is the energy of the state |j〉, δ12 = ω
L
12−(ω2−
ω1), δ23 = ω
L
23− (ω3−ω2) are the detunings of the probe
and control lasers, δ34 = ω
L
34−(ω3−ω4), δ45 = ω
L
45−(ω5−
ω4), δ56 = ω56−(ω6−ω5) and δ36 = ω36−(ω6−ω3) are the
detunings for the MW fields for the respective transitions.
The time evolution of the density matrix, ρ is given as
ρ˙ = − i
~
[H, ρ]− 12{Γ, ρ} where, Γ is the relaxation matrix.
In general, the Hamilitonian H is time dependent except
for a particular condition when δ34− δ45 − δ56 + δ36 = 0.
In the case of weak probe approximation there will be no
population transfer and hence the time evolution of the
population i.e. the diagonal terms of the density matrix
such as ρ11, ρ22, ρ33, ρ44, ρ55, and ρ66 can be ignored
with ρ11 ≈ 1, ρ22 ≈ ρ33 ≈ ρ44 ≈ ρ55 ≈ ρ66 ≈ 0. The off-
diagonal terms under this approximation ρij=ρji ≈ 0 for
i = 2; j = 3, 4, 5, 6 and i = 3; j = 4, 5, 6 and i = 4; j = 5, 6
and i = 5; j = 6. In the case of steady state (i.e. ˙ρij = 0
for all the i and j) and under weak probe approximation
we get the following solution for ρ12
ρ12 =
i
2
Ω12
γ12
1 +
1
4
|Ω23|
2
γ12γ13
1+EITATA1+EITATA2+Interference
(1)
Where,
EITATA1 =
1
4
|Ω34|
2
γ13γ14
1 +
1
4
|Ω45|
2
γ14γ15
1+ 14
|Ω56|
2
γ15γ16
; EITATA2 =
1
4
|Ω36|
2
γ13γ16
1 +
1
4
|Ω56|
2
γ15γ16
1+ 14
|Ω45|
2
γ14γ15
Interference =
1
16
|Ω34||Ω45||Ω56||Ω36|e
iφ
γ13γ14γ15γ16
1+ 14
|Ω56|
2
γ15γ16
1 +
1
4
|Ω45|
2
γ14γ15
1+ 14
|Ω56|
2
γ15γ16
+
1
16
|Ω34||Ω45||Ω56||Ω36|e
−iφ
γ13γ14γ15γ16
1+ 14
|Ω45|
2
γ14γ15
1 +
1
4
|Ω56|
2
γ15γ16
1+ 14
|Ω45|
2
γ14γ15
where, φ = φ36 − φ34 − φ45 − φ56; γ12 = −
[
γdec12 + iδ12
]
,
γ13 = −
[
γdec13 + i (δ12 + δ23)
]
,
γ14 = −
[
γdec14 + i (δ12 + δ23 − δ34)
]
,
γ15 = −
[
γdec15 + i (δ12 + δ23 − δ34 + δ45)
]
,
γ16 = −
[
γdec16 + i (δ12 + δ23 − δ34 + δ45 + δ56)
]
.
γdecij is decoherence rate between level |i〉 and |j〉. We
take the value of γdec12 = 2pi×3.05 MHz, which includes
natural radiative decay of excited state, Γ2 = 2pi×6MHz
and the 780nm laser linewidth of 2pi×50kHz. We also
take γdec13 = γ
dec
14 = γ
dec
15 = γ
dec
16 = γ
dec = 2pi×100kHz
mainly dominated by the laser linewidths of 780nm and
the 480nm as compared to the radiative decay rate
(=2pi×1kHz) of the Rydberg states |3〉, |4〉, |5〉 and |6〉
[8]. In order to check the stringency of the γdec on the
phase sensitivity, we set γdec = 2pi×500kHz in another
case.
In order to verify the approximation made above, we
have checked the analytical solution of ρ12 given by the
Eq. [1] and the complete numerical solution in the steady
state for various values of control fields and detunings.
It has excellent agreement between complete numerical
and approximated analytical solution. The closed loop
can be realized by two sub-systems |3〉→|4〉→|5〉→|6〉 and
|3〉→|6〉→|5〉→|4〉 shown with red and green arrows re-
spectively sharing a common |1〉→|2〉→|3〉 ladder system
as shown in Fig.1b. The control laser Ω23 causes reduc-
tion in the absorption of the probe laser Ω12 and known as
EIT. For path shown with the red color, the control field
Ω34 recovers the absorption against the EIT and known
as EITA[16]. Similarly, the control fields Ω45 and Ω56
causes EITAT and EITATA [16] expressed by EITATA1
in Eq. [1]. The other path shown with green color will
also cause EITATA by sequence of the control fields Ω36
Ω56, Ω45 and Ω34 which is expressed by EITATA2. The
other term in this expression is the interference term be-
tween the two sub-systems and is phase(φ) dependent.
First we investigate the normalized absorption
(Im(ρ12)Γ2/Ω12) vs probe detuning (δ12) for three dif-
ferent phases, φ = 0, pi/2, pi as shown in Fig. 2. For
the central absorption peak i.e. at δ12 = 0, only the
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Figure 2: (Color online). Normalized absorption
(Im(ρ12)Γ2/Ω12) vs δ12/Γ2 of the probe laser with δ23 = δ34 =
δ45 = δ56 = δ36 = 0, |Ω23| = |Ω34| = |Ω45| = |Ω56| = Γ2 and
|Ω36| = 0.5Γ2.
linewidth depends upon the phase but not the position,
while both the position and the linewidth depends upon
the phase(φ) for the other four absorption peaks. At
high Rabi frequencies (much greater than the absorption
peaks linewidths) of the control lasers and fields, the
linewidth can be explained using dressed state picture.
For general control fields detunings and Rabi frequen-
cies, the position of the absorption peaks will be compli-
cated. However, the expression becomes simpler for zero
detuning of control fields where |Ω23| = |Ω34| = |Ω45| =
|Ω56| = Ω but different value of Ω36 whose phase is to be
determined. In this condition the positions of the absorp-
tion peaks are −
√
4Ω2 + |Ω36|
2 +
√
(2Ω2 + |Ω36|
2)2 + 8Ω3|Ω36|cosφ,
−
√
4Ω2 + |Ω36|
2 −
√
(2Ω2 + |Ω36|
2)2 + 8Ω3|Ω36|cosφ, 0,√
4Ω2 + |Ω36|
2 −
√
(2Ω2 + |Ω36|
2)2 + 8Ω3|Ω36|cosφ,
and
√
4Ω2 + |Ω36|
2 +
√
(2Ω2 + |Ω36|
2)2 + 8Ω3|Ω36|cosφ. The central
peak is a superposition of the bare atomic states and is
expressed as [(1− eiφ Ω36
Ω
)|2〉 − |4〉+ |6〉]/[(1+
Ω236
Ω2
− 2
Ω36
Ω
cosφ)+ 2]1/2.
It’s linewidth is given by [(1 + Ω
2
36
Ω2
− 2
Ω36
Ω
cosφ)Γ2 + Γ4 + Γ6]/[(1 +
Ω236
Ω2
− 2
Ω36
Ω
cosφ) + 2] which is phase dependent. In order to
crosscheck the expression for the linewidth, we fit (shown
with black solid line) the central peak of the normalized
absorption obtained by Eq. [1] with Lorentzian profile
to find the linewidth for three different phases as shown
in Fig. 2. The fitted linewidths for φ = 0, φ = pi/2
and φ = pi are 0.13Γ2, 0.47Γ2 and 0.64Γ2 respectively,
while the calculated linewidths are 0.13Γ2, 0.39Γ2 and
0.54Γ2 respectively. There is a small mismatch between
the fitted and the calculated linewidths for φ = pi/2 and
φ = pi. As we see in Fig. 2, the central absorption peak
is broadened for φ = pi/2 and φ = pi and the interference
between peaks starts playing a role in the modification
of the linewidth.
Lets consider the effect of the temperature as lineshape
of EIT is significantly changed by the thermal averag-
ing [17–22]. The thermal averaging of ρ12 is done nu-
merically for the room temperature (T =300 K) for the
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Figure 3: (Color online). Normalized absorption of the probe
laser with thermal averaging (Im(ρThermal12 )Γ2/Ω12) vs δ12/Γ2
with δ23 = δ34 = δ45 = δ56 = δ36 = 0, |Ω23| = |Ω34| = |Ω45| =
|Ω56| = Γ2 and |Ω36| = 0.5Γ2.
counter-propagating configuration of the probe (Ω12) and
the control laser(Ω23) with wave-vectors k780 and k480 re-
spectively by replacing δ12 with δ12+ k780v and δ23 with
δ23 − k480v for moving atoms with velocity v in Eq. [1]
while the Doppler shift for the MW or RF field is ignored.
Further the ρ12 is weighted by the Maxwell Boltzman
velocity distribution function and integrated over the ve-
locity as ρThermal12 =
√
m
2pikBT
∫ 500m/s
−500m/s
ρ12(v)e
− mv
2
2kBT dv,
where kB is Boltzman constant and m is atomic mass of
Rb. The integration is done over velocity range which is
three times of
√
kBT
m
. The Doppler averaging changes the
absorption profile significantly as shown in Fig. 3. One
of the interesting modification is the phase dependency
of the probe laser absorption at the zero detunings of the
probe, control laser and MW fields. The probe laser ab-
sorption is minimum for φ = 0 and maximum for φ = pi
as shown with red and blue curve respectively in Fig. 3.
This modification is due to mismatch of Doppler shift
for probe at 780 nm and the control at 480 nm for mov-
ing atom. The modification of lineshape of EIT due to
Doppler mismatch between probe and control has been
seen previously [17–20]. However, please note that with-
out thermal averaging at zero detunings of the probe,
control laser and MW fields, probe laser absorption has
no significant difference between φ = pi/2 and pi. In fact
if we take γdec = 0 there will be no phase dependency at
all on the probe absorption in this particular condition.
Further, we explore the probe absorption at room tem-
perature vs the phase φ with all the detunings to be
zero. From the plot shown with red open circle in Fig.
4a we observe more than 15% change in the probe ab-
sorption for the change of the phase from 0 to pi for the
chosen combinations of the control Rabi frequencies. In
particular, we have chosen low value of |Ω36| = 0.1Γ2
and the optimized parameters value are |Ω23| = 2Γ2,
|Ω34| = 1.5Γ2, and |Ω45| = |Ω56| = 4Γ2 for this plot.
The numerical data points (red open circle) are fitted by
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Figure 4: (Color online). Absorption of the probe laser
after thermal averaging in arbitrary scale obtained as
(Im(ρThermal12 ))/max(Im(ρ
Thermal
12 )) with δ12 = δ23 = δ34 =
δ45 = δ56 = δ36 = 0 and (a) |Ω36| = 0.1Γ2, |Ω23| = 2Γ2,
|Ω34| = 1.5Γ2, and |Ω45| = |Ω56| = 4Γ2. (b) crossed points
|Ω36| = 2.5Γ2, |Ω23| = 3Γ2, |Ω34| = 2Γ2, and |Ω45| =
|Ω56| = 4Γ2, solid circled points |Ω36| = 2.5Γ2, |Ω23| = 3Γ2,
|Ω34| = 3Γ2, and |Ω45| = |Ω56| = 4Γ2.
a function A+Bsin(fφ+θ), where A, B, f and θ are kept as
free parameters that yields f=1 and the fitting is shown
with black curve in Fig. 4a. Now, choosing a high value
of |Ω36| = 2.5Γ2 and keeping the other parameters un-
changed, we observe more than 80% change in the probe
absorption for the change of the phase from 0 to pi, but
there is a deviation from sinusoidal behavior. This devia-
tion is shown by crossed red points and is compared with
the fitted black curve as shown in Fig. 4b. On increasing
the value of |Ω34| to 3Γ2 and keeping the other parame-
ters unchanged, there is a splitting of the absorption at
φ = pi as shown by the solid circled points in this figure.
We further define a quantity called phase con-
trast as φcontrast=Im[ρ
Thermal
12 (φ = 0) − ρ
Thermal
12 (φ =
pi)]/Im[ρThermal12 (φ = 0) + ρ
Thermal
12 (φ = pi)], which is a
measure of the phase sensitivity. We optimize φcontrast
using various parameters. In Eq. [1] the expression for
ρ12 is symmetric in |Ω45| and |Ω56| so we keep |Ω45| =
|Ω56|. For low value of the |Ω36| (= 0.1Γ2) as shown
in Fig. 5 (a)-(f), the optimum value of φcontrast is 0.096
which corresponds to |Ω23| ≈ 2Γ2 and |Ω34| ≈ 1.5Γ2 (Fig.
5(b)) for the γdec = 2pi × 100 kHz. In order to see the
effect of the γdec for same low value of |Ω36|, we increase
the value of former to 2pi×500 kHz and we observe that
the optimum value of φcontrast is reduced to 0.081 (Fig.
5(e)). For high value of the |Ω36| (= 1.5Γ2) the optimum
value of φcontrast is 0.79 which corresponds to the higher
value of |Ω23| ≈ 3Γ2 and |Ω34| ≈ 2.1Γ2 (Fig. 5(i)). For
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Figure 5: (Color online). Color map for φcontrast vs |Ω34|/Γ2
and |Ω45|/Γ2 = |Ω56|/Γ2, for δ12 = δ23 = δ34 = δ45 = δ56 =
δ36 = 0, (a)-(c) |Ω36| = 0.1Γ2, |Ω23| = Γ2, 2Γ2 and 3Γ2
with γdec = 2pi×100kHz respectively. (d)-(f) |Ω36| = 0.1Γ2,
|Ω23| = Γ2, 2Γ2 and 3Γ2 with γ
dec = 2pi×500kHz respectively.
(g)-(i) |Ω36| = 1.5Γ2, |Ω23| = Γ2, 2Γ2 and 3Γ2 with γ
dec =
2pi×100kHz respectively, (j)-(l) |Ω36| = 2.5Γ2, |Ω23| = Γ2,
2Γ2 and 3Γ2 with γ
dec = 2pi×100kHz respectively. Note that
the top most color bar corresponds to Fig. 5 (a)-(f) while the
other one corresponds to Fig. 5 (g)-(l).
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Figure 6: (Color online). Ratio vs sensitivity of the six level
system for the optimum parameters.
further higher value of the |Ω36| (= 2.5Γ2) the optimum
value of φcontrast is 0.83 which corresponds to the value
of |Ω23| ≈ 3Γ2 and |Ω34| ≈ 2.3Γ2 (Fig. 5(l)).
Now we compare the strength sensitivity for the MW
field, between the previously studied four-level system
and the six-level loopy ladder system. We define the %
strength sensitivity as
[
ρThermal12 (|Ω36| 6= 0)-ρ
Thermal
12 (|Ω36| =
0)
]/[
ρThermal12 (|Ω36| 6= 0)+ρ
Thermal
12 (|Ω36| = 0)
]
×100. For
low value of |Ω36| ranging 0.05-0.1Γ2 with optimum input
parameters (|Ω45| = |Ω56| = 4Γ,|Ω23| = 2Γ, and |Ω34| =
1.5Γ) the ratio of the percentage sensitivity between six-
level and the four-level system is in the range of 10-250
5as shown in Fig. 6.
In conclusion we theoretically study a loopy ladder sys-
tem using Rydberg states for the phase sensitive MW or
RF electrometry. This is based upon the interference
between the two sub-systems of EITATA. In counter-
propagating configuration of the probe and control laser
there is a change of the lineshape of the probe absorp-
tion due to Doppler averaging. This makes detection of
the phase possible at the zero detunings of the lasers and
the fields. This opens up a great possibility to charac-
terize the MW or RF electric fields completely including
the propagation direction and the wavefront. This sys-
tem also provides orders of magnitude more sensitivity
to the field strength as compared to previously the stud-
ied four level system. This work will be quite useful for
MW and RF engineering hence in the communications
and Radar technologies such as synthetic aperture radar
interferometry.
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